The strain-rate dependence of the plasticity-enhancing mechanisms in Fe-12 pct Mn-0.6 pct C-0.06 pct N steel was investigated. At low strain rates, deformation-induced e-martensite was formed. At high strain rate, the strain-induced formation of e-martensite was inhibited, and mechanical twinning was the dominant plasticity-enhancing deformation mechanism. This transition was associated with an increased work hardening rate and a higher total elongation. Dynamic strain aging (DSA) took place at all strain rates. While propagating type C PortevinLe Chatelier (PLC) bands were observed at low strain rates, isolated propagating type A PLC bands were observed at high strain rates. The critical strain for the occurrence of DSA had an anomalous negative strain-rate dependence at low strain rates and a normal positive dependence at high strain rates. The transition from negative-to-positive strain-rate dependence was associated with a sharp change in the strain-rate sensitivity of the flow stress. Transmission electron microscopy was used to analyze the relationship between the stacking fault energy (SFE), the strain rate, and the plasticity-enhancing mechanisms. The SFE and critical resolved shear stress for the onset of the twinning and the e-martensite transformation were calculated and compared with experimental results.
I. INTRODUCTION
THE recent interest in the use of twinning induced plasticity (TWIP) steels for automotive applications is related to their potential to contribute to a reduction of greenhouse gas emission and an improved gas mileage by vehicle mass containment. TWIP steel combines a very high strength with a remarkable elongation resulting from a high work hardening rate, which also improves the formability during complex car body parts production. [1] The high work hardening rate results from the generation of mechanical twins which act as effective barriers to dislocation motion. [2] This plasticityenhancing mechanism is intimately linked to the stacking fault energy (SFE) of high Mn TWIP steel. When the SFE is gradually reduced, for example by a gradual decrease of the temperature, the strain-induced transformation of the austenite to plate-type e-martensite will replace the strain-induced twinning plasticity effect in a controlled manner and result in a transformationinduced plasticity (TRIP) effect. The formation of twinning and e-martensite can therefore be considered as two competing but similar plasticity-enhancing mechanisms, as in both cases a progressively increasing density of thin plate obstacles is formed, which act to limit the dislocation mean free path. The selection of the dominant plasticity-enhancing mechanisms depends on the value of the SFE.
Note that strain-induced transformation to e-martensite and deformation twinning are closely related to the motion of the same type of a/6h112i-type partial dislocations trailing a stacking fault on parallel {111}-type glide planes. The partial dislocations glide on every successive glide plane in the case of twinning and on every other glide plane in the case of the e-martensite transformation. Two times more dislocations are therefore involved in the deformation twinning of an initial volume of austenite than in the phase transformation of the same austenite volume to e-martensite. Their different strain-rate dependences described in the current study may therefore be related to the strain-rate dependence of the underlying kinetics of the dislocation generation mechanism.
Re´my and Pineau [3] proposed that the e-martensite transformation in austenitic steel occurs when the SFE is lower than 15 mJ m À2 . Allain et al. [4] reported that mechanical twins form in Fe-Mn-C TWIP steel when the SFE of the alloy ranges from 20 to 40 mJ m À2 . Recently, Lee et al. [5] reported the transition from a TRIP behavior, due to e-martensite formation, to a TWIP behavior due to the change of the SFE in an austenitic stainless steel. They proposed that deformation twinning occurred when the SFE was higher than approximately 20 mJ m À2 and that strain-induced emartensite formation was favored when the SFE was less than 15 mJ m À2 . Strain-induced e-martensite formation and mechanical twinning are therefore expected to occur simultaneously in alloys with a SFE in the intermediate range from 15 to 20 mJ m À2 .
It is well known that the SFE is reduced by a decrease in temperature. [6] There have been a number of similar reports on the influence of temperature and alloying on the SFE. [4] [5] [6] [7] [8] [9] [10] Curtze and Kuokkala [11] recently reported that high Mn austenitic TWIP steel displayed a clear reduction in total elongation when tested at high strain rate. They argued that adiabatic heating increased the SFE and thereby inhibited deformation twinning. Adiabatic heating was shown to enhance the formability in TRIP steel because the temperature increase results in a more gradual formation of strain-induced martensite. [12] High cost of alloying and manufacturing challenges have so far limited the application of high Mn TWIP steel. The development of TWIP steel with a lower Mn content and a SFE ranging from 12 to 18 mJ m À2 may result in a reduction of the production costs. An in-depth understanding of the strengthening mechanism in intermediate SFE TWIP steel is therefore required. The effect of the strain rate on the strengthening mechanisms of an austenitic steel with an intermediate SFE, in which strain-induced martensite formation and mechanical twinning can occur during the deformation, has not yet been reported.
The current study reports on the recently observed influence of the strain rate on the plasticity-enhancing mechanism in a Fe-12 pct Mn-0.6 pct C-0.06 pct N (in mass pct) austenitic steel. The plasticity-enhancing mechanism exhibited a clear transition from the TRIPeffect, at low strain rates, to the TWIP-effect, at high strain rates. The steel exhibited to dynamic strain aging (DSA) at all strain rates and the transition in plasticityenhancing effect was also associated with a transition from inverse DSA behavior, at low strain rates, to a normal DSA behavior, at high strain rates.
A model is proposed for the observed strain-ratedependent TRIP-to-TWIP transition. An explanation of the inverse-to-normal DSA behavior based on the Kubin-Estrin model [13] is also presented. In addition to a review of the strain-rate-dependent mechanical properties of Fe-12 pct Mn-0.6 pct C-0.06 pct N, an indepth microcharacterization of the steel by means of transmission electron microscopy (TEM) is presented.
II. EXPERIMENTAL PROCEDURE
The composition of the Fe-12 pct Mn-0.6 pct C-0.06 pct N steel used in the current study is very similar to that of a Hadfield steel (12 pct Mn, 1.0 to 1.2 pct C). The exceptional strain hardening of Hadfield steel in a wide range of strain rates and temperatures is due to the TWIP effect. Hadfield steel has a SFE of 23 mJ m À2 . [14, 15] The lower C content of the Fe-12 pct Mn-0.6 pct C-0.06 pct N steel used in the current study leads to a decrease in the value of the SFE and a lower austenite stability compared to Hadfield steel. The room-temperature SFE of the Fe-12 pct Mn-0.6 pct C-0.06 pct N steel as calculated by means of a regular solution thermodynamic model was 13.2 mJ m À2 . The steel will be referred to as Fe12Mn0.6C in the manuscript.
An ingot of the Fe12Mn0.6C steel was prepared by vacuum induction melting (VIM) and hot rolled after reheating at 1473 K (1200°C) to produce a 2.5 mm thick sheet. The hot-rolled sheet was cold rolled to a 50 pct thickness reduction. The cold-rolled sheet was annealed by using a VATRON multipurpose annealing simulator which uses a combination of resistance heating and controlled gas jet cooling for the accurate simulation of thermal cycles. The cold-rolled sheet sample was heated to 1073 K (800°C) at a heating rate of 4°C s À1 and isothermally held for 104 seconds, before cooling to room temperature at a rate of À20°C s À1 . A fully recrystallized austenitic microstructure with an average grain size of approximately 5 lm was obtained after annealing.
Room-temperature uniaxial tensile tests were carried out using standard ASTM E-8 tensile specimens oriented parallel to the sheet rolling direction on a ZWICK Z100 universal tensile testing machine equipped with a high resolution extensometer. The strain rate varied from 10 À5 to 10 À1 s À1 . The microstructures of the coldrolled sheet and the tensile specimens were observed by means of a ZEISS Ultra-55 field-emission scanning electron microscope (FE-SEM). Specimens were polished mechanically and subsequently electropolished at room temperature in a 95 pct CH 3 COOH + 5 pct HClO 4 solution to remove any strain-induced martensite that might have formed during mechanical polishing. Mechanical twins and e-martensite were identified using a JEOL JEM-2010F UHR field-emission transmission electron microscope (FE-TEM). Samples for TEM observation were chemically thinned to less than 100 lm using a solution of 95 pct H 2 O 2 + 5 pct HF, followed by electropolishing at room temperature using a solution of 95 pct CH 3 COOH + 5 pct HClO 4 and a voltage of 20 V. Quantitative phase analysis was done by measuring the integrated intensity of the e ð10 " 10Þ and c(111) X-ray diffraction (XRD) peaks with a BRUKER AXS D8 diffractometer equipped with a Cu tube (k = 0.15418 nm), using the following equation [16] :
In this equation, I is the integrated XRD peak intensity, and V is the phase volume fraction. R is a numerical constant, which was calculated by means of the following equation:
where FF * is the structure factor of the XRD peak, m i is the multiplicity factor, LPF is the Lorentz-polarization factor, e À2x is the temperature factor, and V i is the unit cell volume. The parameter values for Eq. [2] were taken from Cullity and Stock. [17] III. RESULTS Figure 1 shows the microstructure and the XRD spectrum of the cold-rolled Fe12Mn0.6C steel before tensile testing. The microstructure was fully austenitic and annealing twins were observed (Figure 1(a) ). Only austenite reflections were present in the XRD spectra (Figure 1(b) ).
The stress-strain curves of the Fe12Mn0.6C steel in Figure 2 (a) show a clear strain-rate dependence. The stress-strain curves were serrated as a result of the formation of Portevin-Le Chatelier (PLC) bands associated with DSA. Three types of serrations can occur in principle. Type A serrations are associated with the repeated initiation of deformation bands and their continuous propagation. With type B and type C serrations, the band propagation is discontinuous. Type B bands are nucleated in the vicinity of previously nucleated bands. The nucleation of type C bands is stochastic. The appearances of the various types of serrations are dependent on the complex interplay between DSA kinetics, dislocation dynamics, and work hardening. [18] Figure 2(b) shows the effect of the strain rate on the mechanical properties of the Fe12Mn0.6C steel. The total elongation and the ultimate tensile strength were strain rate dependent. The tensile strength at a strain rate of 10 À3 s À1 was lower than at a strain rates of 10 À4 and 10 À5 s À1 . There was a remarkable decrease in the flow stress at a strain rate of 10 À3 s À1 . The yield strength and tensile strength increased when the steel was tested at a strain rate higher than 10 À3 s
À1
as shown in Figure 2 (b). At a strain rate of 10 À1 s À1 , the ultimate tensile strength was higher than 1 GPa, and total elongation was close to 50 pct. Figure 2(c) shows the work hardening rate at different strain rates. The lowest hardening rate was observed for the tests carried out with a strain rate of 10 À3 s À1 . The strain-rate dependences of the DSA in Fe12Mn0.6C steel were unusual. They are illustrated in Figures 3(a) and (b) , which show segments of the stress-time and strain-time curves for tests carried out at two different strain rates. Type C serrations, due to a random nucleation of nonpropagating deformation bands, were observed within the strain-rate values ranging from 10 À5 to 10 À3 s
. Type A serrations, related to a repeated initiation and propagation of isolated deformation bands, were observed for strain rates higher than 10 À3 s À1 . It is well known that an increase of the strain rate usually leads to a increase of the critical strain for the onset of serrations related to DSA, and this may eventually lead to the suppression of DSA. [19] [20] [21] This DSA behavior is referred to as a ''normal'' one. In the ''inverse'' DSA behavior, an increase in the strain rate leads to a reduction in the critical strain for the onset of serrations.
Figure 3(c) shows the critical strain for the onset of serrations during tensile testing of the Fe12Mn0.6C steel as a function of the strain rate. The critical strain decreases with the increasing strain rate ranging from 10 À5 to 10 À3 s À1 . Type C serrations were observed in this inverse strain-rate-dependence range. A normal behavior, with the critical strain increasing with strain rate, was observed when the tests were done at a strain rate higher than 10 À3 s À1 . This behavior was associated with type A serrations. Bo¨hlke et al. [22] observed a similar type of strain-rate sensitivity for the critical strain for DSA in Al alloys. They also reported that a positive strain-rate sensitivity of the flow stress was associated with type A serrations, while a negative strain-rate sensitivity was associated with type C serrations.
These tensile test results clearly point to a complex influence of the strain rate on both the plasticityenhancing mechanism and the DSA in Fe12Mn0.6C steel.
Figure 4(a) shows XRD spectra of Fe12Mn0.6C steel measured in the gauge section of tensile specimens tested to fracture at the various strain rates. The (1010) e peak intensity gradually decreased for samples tested at increasing strain rates. This decrease of the (1010) e peak intensity indicates that the volume fraction of e-martensite decreased with increasing strain rate. Figure 4 (b) shows the final e-martensite volume fraction as a function of the strain rate. It is clear that the strainrate increase resulted in the inhibition of the straininduced e-martensite formation. Figure 5 shows FE-SEM micrographs of the Fe12Mn0.6C steel after uniaxial tensile testing. The thin plate microstructural features can be either e-martensite or mechanical twins, and their precise identification requires the use of diffraction techniques. The thin plate features observed at a strain rate of 10 À1 s À1 were twins, as verified by means of TEM observations. through (j) shows that the volume fraction of emartensite increased when the strain rate was lower than 10 À3 s À1 . The simultaneous occurrence of e-martensite and twins in the same austenite grain implies that at a strain rate of 10 À3 s À1 the plasticity-enhancing mechanism in Fe12Mn0.6C steel changes from the TRIP-effect-due to the strain-induced e-martensite formation, during lower strain-rate deformations-to the TWIPeffect-due to the strain-induced twinning, during higher strain-rate deformations.
IV. DISCUSSION
A. Stress-Induced and Strain-Induced e-Martensite Transformations at Low Strain Rates: _ e < 10 À2 s
À1
In most pure metals and alloys, the flow stress usually increases with the increasing strain rate or decreasing temperature. [23] In the Fe12Mn0.6C steel, however, the flow stress was found to increase when the strain rate was reduced. The yield stress increased from about 360 MPa, for a strain rate of 10 À3 s À1 , to 450 MPa for a lower strain rate of 10 À4 s À1 (Figure 2(b) ). This behavior is indicative of a negative strain-rate sensitivity. The stress-induced transformation of the austenite to emartensite occurs below the M S r temperature, and the local change in crystal structure results in an increase of flow strength as the thin e-martensite plates act as an effective barriers to dislocation motion. [24, 25] The negative strain-rate sensitivity of the flow stress due to stressinduced martensite can also be explained by the shapestrain associated with the volume change caused by the transformation. Guimara˜es et al. [26, 27] reported that an increase of the strain rate lowers the M S r temperature. He argued that the transition from negative-to-positive strain-rate sensitivity resulted from the inhibition of the stress-induced martensite transformation with the increasing strain rate.
Several research groups have studied the driving force for martensite formation in various alloys. [28] [29] [30] [31] [32] Andersson et al. [32] analyzed the influence of external stresses on the onset of the stress-induced cfie transformation in high Mn steel using thermodynamic calculations. The condition for the onset of cfie transformation in single crystals was expressed by the following equation:
In this equation, G m c and G m e are the molar free energy of c-austenite and e-martensite, respectively; s is the critical resolved shear stress (CRSS) for the onset of the cfie transformation; and s is the homogeneous transformation shear strain, which was taken as 0.353. [33] The molar volume of austenite (V m ) was taken to be equal to 7.074 9 10 À6 m 3 mol À1 . Andersson et al. [32] calculated the average total driving force for stress-induced martensite transformation in high Mn steels with Mn contents ranging from 25 to 28 mass pct, i.e., R e c T dS i , to be equal to 100 J mol À1 . Using these parameter values, Eq. [3] obtains a value for the CRSS s for the onset of cfie transformation to be equal to 59 MPa. This value does not consider the effect of the strain rate. The strain-rate sensitivity of the critical stress for transformation has been reported to be positive and larger than the strain-rate sensitivity for slip. [27, 34] It is therefore expected that no stress-induced martensite transformation occurs if the critical stress for martensite transformation is larger than the critical stress for dislocation glide. The strain-induced e-martensite transformation can however occur during deformation because the flow stress can exceed the critical stress for martensite during deformation. Figure 7 shows the XRD diffraction peaks of Fe12Mn0.6C steel as a function of strain for specimens tested at a strain rate of 10 À3 s À1 . The intensity of the e-martensite peak clearly increases with strain. The austenite peak is broadened with strain because of a high defect density and an inhomogeneous dislocation distribution. [35] The calculated value of the SFE of the Fe12Mn0.6C steel was 13.2 mJ m À2 . [7] This value is lower than 18 mJ m À2 , a SFE value for which both strain-induced e-martensite transformation and strain-induced mechanical twinning can be observed simultaneously during deformation. [3] [4] [5] B. Strain-Induced Mechanical Twin Formation for _ e > 10 À2 s
The TEM micrographs of the Fe12Mn0.6C steel deformed at different strain rates revealed that the plasticity-enhancing mechanism changed from straininduced e-martensite formation (TRIP) to mechanical twinning (TWIP) with the increasing strain rate. The observed reduction of the e-martensite volume fraction at the increasing strain rate is indicative of the same phenomenon. One possible explanation for the observed change in the plasticity-enhancing mechanism is that the adiabatic heating, which takes place during deformation, increases the SFE and that this heating brings about a change in the plasticity-enhancing mechanism. Curtze and Kuokkala [11] indicated that a temperature increment of 353 K (80°C) increased the SFE by 4 to 5 mJ m À2 in a Fe-(25-28) pct Mn-(1.6-4.1) pct Al-(0.28-0.52) pct Si-0.08 pct C TWIP steel. The adiabatic temperature rise which occurs in the current case was calculated using the following equation:
rde; ½4
where DQ is the deformation energy, q = 7.8 g cm À3 is the density of the steel, C p = 0.46 kJ (kg K)
À1 is the heat capacity, b = 0.9 is the fraction of mechanical energy converted to thermal energy, r is the tensile stress, and e is the strain. [11] The calculated temperature rise (DT) is approximately 283 K (10°C) for a tensile sample strained at 10 pct at a strain rate of 10 À1 s À1 . This temperature rise increases the SFE by about 0.8 mJ m À2 . The calculation assumes that there is no temperature loss during deformation. As the tests were not carried out in controlled adiabatic conditions, this assumption is strictly spoken not valid. The actual increase of the sample temperature during a test carried out at a strain rate of 10 À1 s À1 will be lower than the calculated temperature rise of 283 K (10°C). The increase of the SFE due to thermal effects is therefore is too small to result in a detectable increase of the mechanical twinning. The TEM micrographs (Figures 6(a) through (c)) however revealed an abundant mechanical twinning in the austenite grains. This implies that the adiabatic heating had no influence on the selection of the plasticity-enhancing mechanism. The calculated room-temperature value of the SFE is 13.2 mJ m À2 , and both strain-induced martensitic transformation and strain-induced twinning are expected to occur during deformation. [2, 3] The effects of the strain rate on the CRSS for slip and twinning can however explain the observed change in plasticity-enhancing mechanism, as the deformation mechanism with the lowest CRSS is more likely to be activated during deformation.
Equations are available to determine the critical stress required for the nucleation of twins. [36] [37] [38] [39] [40] [41] [42] [43] Buyn [37] Fig proposed the following equation for the twinning stress r T by considering it equal to the breakaway stress for the leading partial dislocation of a dissociated dislocation: [44] indicated that Eq.
[5] overestimated the twinning stress. Chen et al. [38] proposed the following equation for the critical twinning stress which takes into account the effect of the grain size: 
where l is the shear modulus; a is a parameter reflecting the character, i.e., edge or screw, of the dislocation; b n is the length of the Burgers vector for a perfect dislocation; and D is the grain size. The grain size contribution in Eq. [6] becomes significant only when the grain size is very small, typically less than 500 nm. Because the grain size of Fe12Mn0.6C steel was approximately 5 lm, the first term of Eq. [6] is much smaller than the second term and can therefore be ignored. Equation [6] was therefore simplified to the equation for the critical shear stress for twinning as proposed by Hirth and Lothe [43] :
Using a value of 0.147 nm for the length of the Burgers vector of a partial dislocation, and a value of 13.2 mJ m À2 for the SFE [7, 45] in Eq. [7] , s twin crss was calculated to be 89 MPa. The twinning stress is known to be relatively independent of temperature and strain rate, [36] and the effect of the strain rate on the critical twinning stress was therefore neglected.
The CRSS for slip was calculated using the following equation:
In this equatuin, M is the Taylor orientation factor (M = 3.06), and r o P0:2 is the single crystal yield strength. The yield strength of Fe12Mn0.6C steel was calculated using the Hall-Petch relationship [46] :
where r P0.2 is the polycrystal yield strength, r o P0:2 is the single crystal yield strength, and K was assumed to be equal to 304 MPa lm 0.5 . [47] The calculation of the CRSS for slip was for a 5 lm grain size, using the polycrystalline yield strength determined by tensile tests in the current study (Figure 2(b) ). [48, 49] The single crystal yield strength depends on the strain rate. If the critical stress for twinning (89 MPa) obtained from Eq. [7] is lower than the single crystal yield strength obtained from Eqs. [8] and [9] , mechanical twinning is nucleated during deformation. Figure 8 compares the calculated CRSS for e-martensite formation, twinning, and slip based on the assumption that the CRSS for twinning is strain rate independent. As mentioned earlier in relation to the critical shear stress for twinning, it is reported that twinning has a much lower sensitivity to strain rate and temperature and especially face centered cubic metals show a low strain-rate sensitivity for the twinning stress. [36] The calculated s twin crss of 89 MPa is therefore plotted in Figure 8 as being independent of the strain rate. The CRSS for the onset of the cfie transformation is indicated as a closed rectangle at a nominal strain rate. The calculated value of 59 MPa for the onset of cfie transformation was obtained by means of Eq. [3] . The arrow related to cfie transformation indicates a strain-rate sensitivity which is larger than the strain-rate sensitivity for slip. [27, 34] When the strain rate is higher than 10 À2 s À1 , the CRSS for slip is higher than the CRSS for twinning. Mechanical twinning is the dominant strengthening mechanism resulting in increase of work hardening rate. On the other hand, the CRSS for slip is less than the CRSS for twinning when the strain rate is less than 10 À2 s À1 . The formation of mechanical twinning is limited. The strain induced e-martensite transformation starts at a strain rate of 10 À3 s À1 but it is a relatively minor effect due to the small difference between the CRSS for slip and martensitic transformation. The work hardening rate has it lowest value at a strain rate of 10 À3 s À1 , i.e., during the TRIP-to-TWIP transition. For strain rates lower than 10 À4 s À1 , the TRIP effect is the dominant plasticity-controlling mechanism. Stressinduced e-martensite can be formed at lower strain rate where the CRSS for the onset of e-martensite transformation is lower than the CRSS for slip. In comparison to the tensile properties at higher strain rate, the properties at lower strain rates are influenced by the presence of stress-induced e-martensite, which increases the yield strength but decreases the total elongation.
C. TRIP-TWIP Transition
The calculated results show a good agreement with the experimental results for uniaxial tensile tests and the TEM observations of the current study. As the strain Fig. 8 -Comparison of the strain-rate-dependent CRSS for slip and the strain-rate independent CRSS for twinning for Fe12Mn0.6C steel. The CRSS for the cfie transformation is expected to have a high strain-rate sensitivity. [27, 34] This is indicated by the short double-arrowed line through the full symbol for the CRSS of the cfie transformation.
rate increases, the decrease of the volume fraction of emartensite reduces the work hardening rate. At strain rates higher than 10 À3 s À1 , the work hardening rate increases again due to the relatively lower CRSS required for twinning, which results in the activation of mechanical twinning.
The effect of the strain rate on the strengthening mechanism was investigated for the Fe12Mn0.6C steel with an intermediate SFE ranging from 12 to 18 mJ m À2 . Figure 9 qualitatively describes the SFE dependence and the strain-rate dependence of the strengthening mechanism in the Fe12Mn0.6C steel. If the SFE of the austenite is low enough, i.e., less than 20 mJ m À2 , e-martensite formation is favored. Mechanical twinning is favored when the SFE is close to 20 mJ m À2 regardless of the strain rate. The mixed strengthening mechanism associated with the simultaneous occurrence of strain-induced martensite formation, and mechanical twinning appears in the intermediate SFE ranging from 12 to 18 mJ m À2 . In this SFE range, the operating mechanism is strain rate dependent: e-martensite transformation is favored at low strain rates and twinning at high strain rates. The SFE of the Fe12Mn0.6C was calculated to be 13.2 mJ m À2 by considering only the chemical composition of the alloy. However, in the case of higher strain rates, the increase in temperature due to the adiabatic heating during deformation can increase the SFE and induce the TWIP effect instead of the TRIP effect. It was calculated that the SFE of the Fe12Mn0.6C steel could increase to 18 mJ m À2 as a tensile sample is strained 30 pct with the highest strain rate of 10 À1 s À1 . The adiabatic heating affects the strengthening mechanism by the increase of the SFE due to the combined effect of a large tensile strain and a high strain rate.
D. Anomalous Strain-Rate Dependence of the Critical Strain for DSA
In the normal DSA behavior, the hardening effect due to DSA increases with decreasing strain rate because the dislocation pinning effect by mobile solutes is more pronounced at a low strain rate. Figure 3(c) shows that whereas this normal strain-rate dependence is observed for the critical strain for the onset of DSA in the strain rate ranging from 10 À3 to 10 À1 s À1 , the inverse behavior is observed in the strain rate ranging from 10 À5 to 10 À3 s À1 . This inverse behavior was explained by Kubin and Estrin [50, 51] who introduced a theory for the physical mechanism governing the critical strain for the onset of DSA using the parameter X, the elementary strain achieved when all dislocations simultaneously break through forest obstacles. Assuming that the dislocation mean free path is determined by the forest dislocation density, X is given by the following equation:
where b is the Burgers vector, q m is the mobile dislocation density, q f is the forest dislocation density, t w is the dislocation waiting time, and _ e is the plastic strain rate. At low strains the mobile dislocation density increases at a higher rate than the forest dislocation density. At large strains, however, the forest dislocation density increases at a higher rate than the mobile dislocation density. The change in the value of X will therefore also be strain dependent. The rate of change of X will increase at low strains and decrease at higher strains. Kubin and Estrin give the following equation for the saturation value of X:
where q ms and q fs are the saturation values for the mobile and forest dislocation density, respectively. The densities of mobile and forest dislocations can be obtained by means of the following coupled differential equations [52] (Table I) :
where C 1 is a constant related to the multiplication of mobile dislocations; C 2 is a parameter related to their mutual annihilation and trapping; the constant C 3 describes the immobilization of dislocations by interaction with forest dislocations; and C 4 is a parameter introduced to take dynamic recovery into account. The parameters C 2 and C 4 are both strain rate and temperature dependent. The parameters C 1 ¼ q fs b 2 =e f and C 3 ¼ bq 0:5 fs =½e f ð1 þ kÞ are considered as material constants in the current study. In the equation for C 1 and C 3 , e f is the relaxation strain associated with the forest dislocation density, and k is a constant related to q ms Fig. 9 -Effect of the strain rate on the plasticity-enhancing mechanism in austenitic alloys with SFE ranging from 12 to 18 mJ m À2 . For a SFE > 18 mJ m
À2
, twinning-induced plasticity is the dominant plasticity-enhancing mechanism independent of the strain rate. For a SFE < 12 mJ m À2 , e-martensite TRIP is the dominant plasticityenhancing mechanism independent of the strain rate. At intermediate SFEs, the plasticity-enhancing mechanism has a pronounced strainrate dependence due to adiabatic heating and the different strain-rate dependences of the CRSS for glide, twinning, and transformation. With increasing strain rate, the contribution of adiabatic heating on the plasticity-enhancing mechanism increases, thereby favoring the TWIP effect by an increase in the SFE. and q fs . [52] The parameter values used in solving the coupled differential equations were taken from the References 50 and 53.
The PLC effect occurs when the strain-rate sensitivity is negative. Kubin and Estrin defined the total strainrate sensitivity S as follows
where S 0 is related to the activation of dislocation glide in the absence of DSA, S DSA is related to the pinning of dislocations by diffusion of solute atoms to waiting dislocations, and t w is the dislocation waiting time.
The hardening function f(t,T), which is a function of the dislocation arrest time t and the temperature T, is introduced in order to calculate S DSA [54] :
where f(t,T) is given by the following equation:
here f 0 is the maximum increase in stress produced by DSA, s 0 is the relaxation time associated with the motion of the lattice defect (e.g., a solute C atom or a C-Mn point defect complex) responsible for the DSA, and n is a fitting parameter related to the aging kinetics. The value of the relaxation time s 0 depends on the solute atom-dislocation binding energy for the mobile solute atom causing the DSA. Recently, Lee et al. [55] calculated the C-Mn relaxation time to predict the critical strain for DSA in austenitic TWIP steel and reported that the relaxation time was between 0.5 and 1.0 seconds, depending on the Al content of the steel. In the current study, a value of 0.75 second was selected for s 0 , and a value of ¼ was used for n based on earlier literature reports. [21, 54, 56] The critical strain for DSA is reached when the condition S = 0 is satisfied. Combining Eqs. [14] through [16] , one obtains
When the right-hand side of Eq. [17] is less than 1/e, two critical elementary strain values (X 1 and X 2 ) satisfy Eq. [17] . The theory then predicts that the PLC effect will occur for values of X between X 1 and X 2 . [50, 51, 54] Table II lists the value of the numerical parameters which were used to determine X 1 and X 2 . The value of f 0 was set at 40 MPa for type A serration, and values ranging from 50 to 60 MPa were selected for f 0 for type C serration. The value of S 0 in face-centered cubic alloys at room temperature ranges from 2.5 to 4.0 MPa. [57] The parameters C 2 and C 4 have been reported to increase with decreasing strain rate, [52] because an increase of C 2 results in an increase of the forest dislocation density, while an increase of C 4 results in a decrease of the forest dislocation density. The elementary strain is therefore dependent on the strain rate. The values of C 2 and C 4 were obtained by fitting the calculated critical strains to the experimentally measured ones at different strain rates, and the results are summarized in Table III . Figure 10 shows the calculated elementary strain and critical strain for the PLC effect as a function of true strain. The elementary strain and the maximum strain related to the maximum value of X max decrease with the increasing strain rate due to the variation of C 2 and C 4 . The value of X 2 for type A serrations is larger than 10 À2 . The critical strain is the point of contact between X and X 1 because the PLC effect occurs within the (X 2 -X 1 ) interval.
At a strain rate of 10 À3 s À1 , X 1 is lower than the initial elementary strain X 0 , and DSA therefore occurs as soon as the plastic deformation starts.
Within the strain rate range from 10 À3 to 10 À1 s À1 , a normal critical strain behavior was observed as shown in Figure 10 (a). On the other hand, the value of X 1 for type C serration is much lower than X 0 , and two intersection points are located between X and X 2 . The first point at low strain is for the critical strain corresponding to the disappearance of serrations, while the second point at larger strain indicates the critical strain for the onset of Figure 10(b) . The critical strain predicted by the calculation is shown in Figure 10 (c).
The calculated results are in good agreement with the experimental data.
Note that the change from normal to inverse DSA behavior is not related to any plasticity-enhancing mechanism. It is solely related to the evolution of the mobile and forest dislocation densities. The theory predicts that if DSA occurs, an inverse DSA behavior will always be observed at low strain rates and a normal DSA behavior will always be observed at high strain rates, if the conditions for the experimental observation of the serrations are met. [50, 52] Figure 11(a) shows the strain-rate dependence of the elementary strain, X(e) for two strain rates, _ e 1 and _ e 2 , with _ e 2 < _ e 1 , where _ e 1 and _ e 2 are for a strain-rate change in the low strain rates range (<10 À3 s À1 ). When the strain rate is decreased, there is an increase in the evolution of the forest dislocation density and a decrease of the mobile dislocation density evolution. This leads to a reduction of X(e) and e max , the strain corresponding to the maximum elementary strain X max . The condition for the observation of DSA is satisfied for X 1 < X(e) < X 2 , where X 1 and X 2 are constants determined by Eq. [17] . DSA is predicted for e>e c ð _ e 1 Þ, when _ e ¼ _ e 1 , and for e>e c ð _ e 2 Þ, when _ e ¼ _ e 2 . Figure 11 (b) illustrates the same as Figure 11 (a) for _ e 3 and _ e 4 , two strain rates in the high strain-rate range (>10 À3 s À1 ). Figure 11 (c) illustrates schematically the effect of a decrease of the strain rate from _ e 1 to _ e 2 on the critical strain for DSA as observed on a tensile stress-strain curve: the critical strain is found to increase. Figure 11(d) illustrates schematically the effect of a decrease of the strain rate from _ e 3 to _ e 4 on the critical strain for DSA as observed on a tensile stress-strain curve: the critical strain increases.
The experimental results showed that the inverse behavior and the TRIP effect were observed simultaneously when the strain rate was low, whereas the normal behavior and the TWIP effect were observed when the strain rate was high. The influence of the formation of martensite platelets or twins on the DSA was indirect.
The twin boundaries and martensite platelets act as very effective barriers to dislocation glide. Recently, Kim et al. [53] proposed a modified Kocks-Mecking model, based on the following equations for the evolution of the mobile and forest dislocation density which includes the grain boundary and twin-related effects: Fig. 10-Determination of the critical strain for the onset of serration from the strain-dependent elementary strains for (a) a normal behavior and (b) an inverse behavior. (c) The predicted critical strains at different strain rates match the experimentally measured critical strain.
where d is the average grain size, and t is the average twin spacing. The additional negative term for the evolution of the mobile dislocation density q m is related to the immobilization of mobile dislocations at twin boundaries. The additional positive term for the forest dislocation density q f is associated with stored dislocations at twin boundaries. The TWIP and TRIP effects therefore both increase the forest dislocation density, and this results in a reduction of X(e).
The quantity S 0 in Eq. [17] is associated with dislocation glide activation in the absence of DSA. Additional stress is required for the activation of dislocation glide at twin and martensite boundaries. The theory predicts that this increase of S 0 results in a decrease of X 2 and an increase of X 1 . [50, 52] The schematic of Figures 12(a) and (b) illustrates the effect of twins and martensite platelets on the critical strain evolution X(e). The TWIP and TRIP effects diminish X(e) due to an increase of the forest dislocation density. In addition, there is a decrease of X 2 and an increase of X 1 caused by the increase of S 0 . The two effects raise the critical strain for DSA for both inverse behavior and normal behavior as shown in Figures 12(c) and (d). The TRIP effect in the low strain-rate range modifies the inverse behavior, and the TWIP effect modifies the normal behavior, but the essential features of the strain-dependent DSA behavior, which is dislocation density evolution dependent, is only slightly modified.
V. CONCLUSIONS
The effect of the strain rate on the mechanical behavior of Fe-12 pct Mn-0.6 pct C-0.06 pct N steel with a SFE of 13.2 mJ m À2 was investigated. This SFE is within the range associated with the combination Fig. 11-(a of two plasticity-enhancing mechanisms comprising emartensite transformation and deformation twinning. While deformation at low strain rates favors the emartensite transformation, high strain-rate deformation results in mechanical twinning. The transition between these two plasticity-controlling deformation mechanisms occurs at a strain rate of approximately 10 À3 s À1 . The strain-rate dependence of the plasticity-enhancing deformation mechanism could be explained on the basis of the difference between the CRSS required to activate both mechanisms. The CRSS for twinning is independent of the strain rate, while the CRSS for the emartensite transformation has a pronounced strain-rate dependence. As the strengthening mechanism with the lowest CRSS is the favored mechanism at all strain rates, the difference in CRSS leads to a transition from TRIP behavior to TWIP behavior at the increasing strain rate.
The highest rate of strain hardening occurred during low strain-rate deformation where e-martensite transformation rather than mechanical twinning was favored. The lowest strain hardening rate occurred at a strain rate of 10 À3 s À1 . At this strain rate, the two strengthening mechanism: e-martensite transformation, and twinning, occurred simultaneously. The strain hardening rate increased again at higher strain rates when twinning was the dominant mechanism. The formation of e-martensite and mechanical twins are closely related to the motion of the same type of a/6h112i-type partial dislocations trailing a stacking fault on parallel {111}-type glide planes. The partial dislocations glide on every successive glide plane in the case of twinning and on every other glide plane in the case of the e-martensite transformation. More dislocations are therefore involved in the deformation twinning of an initial volume of austenite than for the transformation of the same initial volume to e-martensite. Their different strain-rate dependences are therefore very likely related due to the strain-rate dependence of the underlying kinetics of the dislocation generation mechanism leading to the formation of twins and martensite. The analysis of this aspect of the observed rate-dependent change of plasticity-enhancing mechanism will be considered in a future study.
A transition of a normal to an inverse behavior was also observed for the critical strain for the occurrence of DSA as a function of the strain rate. This behavior can be predicted by means of the forest hardening model, and the calculated values of the critical strain were found to be in good agreement with the experimental data. The effect of the formation of twins and martensite platelets on the critical strain was found to be minor, and mainly related to the manner in which the plasticityenhancing mechanisms influence the evolution of the dislocation density.
